Proper chromosome congression (the process of aligning chromosomes on the spindle) contributes to accurate and faithful chromosome segregation. It is widely accepted that congression requires kinetochore fibres (K-fibres), microtubule bundles that extend from the kinetochores to spindle poles 1,2 . Here, we demonstrate that chromosomes in human cells codepleted of HSET (human kinesin-14) 3,4 and hNuf2 (human Ndc80/Hec1-complex component) 5 can congress to the metaphase plate in the absence of K-fibres. However, the chromosomes are not stably maintained at the metaphase plate under these conditions. Chromosome congression in HSET + hNuf2 co-depleted cells required the plus-end directed motor CENP-E (centromere protein E; kinesin-7 family member) 6 , which has been implicated in the gliding of monooriented kinetochores alongside adjacent K-fibres 7 . Thus, proper end-on attachment of kinetochores to microtubules is not necessary for chromosome congression. Instead, our data support the idea that congression allows unattached chromosomes to move to the middle of the spindle where they have a higher probability of establishing connections with both spindle poles. These bi-oriented connections are also used to maintain stable chromosome alignment at the spindle equator.
The assembly of a functional mitotic spindle involves the process of chromosome congression, which positions all chromosomes in the equatorial plane of the spindle. Congression is evolutionary conserved and enhances the fidelity of chromosome segregation 8 . Despite its importance, the molecular mechanisms that govern chromosome congression remain poorly understood. In the classic model, chromosomes move toward the spindle equator as a result of their bi-orientation, an arrangement where chromosomes are connected to both spindle poles 9 . In this scheme, congression requires K-fibres, which attach to the kinetochore of a chromosome in an end-on manner 1, 2, 10 . However, chromosome congression is also driven by the gliding of kinetochores alongside K-fibres of other already bi-oriented chromosomes, a process dependent on the plus-end-directed microtubule motor CENP-E, and one that does not require bi-oriented end-on kinetochore attachments to K-fibres 7 . It is not clear which of the two congression mechanisms is used by the majority of chromosomes in a typical mammalian cell.
We sought to address the question of whether chromosomes can congress efficiently under conditions that make proper end-on kinetochore attachment and formation of K-fibres impossible. Perturbation of the Ndc80/Hec1 complex, which is essential for microtubule-kinetochore attachment, severely disrupts K-fibre formation and chromosome alignment 5, 11 . However, chromosomes are still capable of movement, presumably through lateral interactions between kinetochores and microtubules 11 . This prompted us to seek a condition in which we could restore efficient chromosome congression in the absence of end-on chromosome attachments.
To disrupt the Ndc80/Hec1 complex we used siRNA against the gene for the Ndc80 component hNuf2 (ref. 11) . As expected, depletion of hNuf2 disrupted K-fibres and caused a significant increase in the percentage of cells with severely misaligned chromosomes ( Fig. 1a, b ) 5 . We hypothesized that forces driving chromosome congression are inhibited by minus-end-directed microtubule motors that produce poleward-directed forces. In the absence of K-fibres, contributions of these minus-end-directed forces might become overwhelming and cause chromosome scattering. Therefore, we tested whether inactivation of both HSET and cytoplasmic dynein (the two major minus-end-directed microtubule motors involved in spindle function) 2, 12, 13 restores proper chromosome alignment in Nuf2-depleted cells.
The frequency of cells with aligned chromosomes was significantly higher on co-depletion of hNuf2 and HSET than on depletion of hNuf2 alone (Fig. 1a, b) , although not as high as in control cells. This result was observed with multiple HSET RNAi oligonucleotides ( Supplementary  Information, Fig. S1a, b ). Western blotting analysis showed that the both the Hec1 component of the Ndc80 complex and HSET were efficiently knocked down in our experiments (Fig. 1c ). Perturbation of kinetochorebound dynein by knockdown of the dynein-targeting protein ZW10 (zeste-white 10; ref. 14) also partially restored chromosome alignment in hNuf2-knockdown cells, although this treatment was much less efficient than HSET knockdown ( Supplementary Information, Fig. S1c, d ).
We next tested whether restoration of the chromosome alignment observed in the hNuf2 + HSET RNAi cells was due to regeneration of the K-fibres. It has been reported that the number of microtubules in a K-fibre is correlated with the amount of residual Ndc80 complex present on the kinetochore 11 . We quantified the amount of Hec1 that remained on kinetochores after knockdown, using immunofluorescence 11 , and found that Hec1 levels on kinetochores were similar in hNuf2 RNAi-and , hNuf2 (c), or hNuf2 + HSET (d) RNAi were treated with CaCl 2 (0.2 mM) to depolymerise highly dynamic microtubules, and stained to visualise microtubules (MT; red), kinetochores (ACA, anti-centromere antibody; green) and DNA (blue). Scale bar, 10 μm for whole spindle images (left) or 1 μm for insets (right). Arrowheads indicate a microtubule bundle that transverses the spindle equator without making an end-on attachment to a kinetochore. hNuf2 + HSET RNAi-transfected cells (Supplementary Information, Fig. S2a ), suggesting that any residual kinetochore remnants that could mediate transient microtubule attachments were similar in both cell types, despite the dramatically different levels of chromosome alignment. As an alternative means to assess the presence of K-fibre microtubules, we examined the localization of the protein HURP (hepatoma upregulated protein), which is normally enriched towards the plusends of K-fibre microtubules 15, 16 . In control cells, HURP was localized to the K-fibres, whereas in hNuf2 and hNuf2 + HSET RNAi cells HURP staining was diminished ( Supplementary Information, Fig. S2b ). These data suggest that K-fibres are not restored after simultaneous knockdown of HSET and hNuf2.
As proper end-on amphitelic attachments of microtubules are required for generating tension across the centromere, we compared interkinetochore distances between K-fibre-intact (control) and K-fibredeficient (hNuf2 + HSET RNAi) cells (Supplementary Information, Fig. S2c-e ). These analyses were conducted in a HeLa cell line expressing GFP-CENP-A to mark kinetochores and GFP-γ-tubulin to mark centrosomes. During the pseudo-metaphase state, inter-kinetochore distances in hNuf2 + HSET RNAi cells were, on average, 40% lower than in control cells ( Supplementary Information, Fig. S2d ). These results are consistent with previous reports on hNuf2-depleted cells 5 , and similar to those obtained from cells treated with nocodazole (microtubule depolymeriser); they show that the centromeres in hNuf2 + HSET RNAi cells are not under tension. Furthermore, live-cell analyses of individual kinetochore pairs revealed that the inter-kinetochore distance in hNuf2 + HSET RNAi cells (8/10 cells) remained nearly constant over time, whereas in control cells the distance between sister kinetochores showed periodic fluctuations (4/4 cells; Supplementary Information, Fig. S2e and Movie 1). This was consistent with the narrower interkinetochore distance distribution range in hNuf2 + HSET RNAi cells versus control cells ( Supplementary Information, Fig. S2d ). Similarly to previous studies, we also found that kinetochores in hNuf2 RNAi cells showed brief erratic movements 11 . These movements persisted in hNuf2 + HSET RNAi cells (Supplementary Information, Fig. S2f -h). Together, our results strongly support the idea that chromosomes in hNuf2 + HSET RNAi cells fail to establish the amphitelic attachments necessary to generate centromere tension.
To reveal the nature of interaction between chromosomes and microtubules in hNuf2 + HSET RNAi cells, we used CaCl 2 to depolymerise highly dynamic microtubules so that stable microtubules of the spindle could be clearly observed. In both control and HSET RNAi cells, all aligned chromosomes established amphitelic attachments with K-fibres extending from each sister kinetochore towards the corresponding spindle pole ( Fig. 2a, b ). In contrast, in both hNuf2 and hNuf2 + HSET RNAi cells most of the kinetochores were laterally associated with microtubule bundles that traversed the centre of the spindle (Fig. 2c, d ). We occasionally detected kinetochores in control cells that were not only connected to the K-fibres, but were also laterally bound to continuous microtubule bundles extending from each half spindle through the spindle midzone ( Fig. 2a , arrowhead), suggesting that these bundles are probably also present in control cells. In contrast, in hNuf2 and hNuf2 + HSET RNAi cells, these bundles were prominently visible and microtubule bundles that terminated at the kinetochore were rarely detected.
To gain further insight into the interaction of chromosomes with microtubules, we performed serial-section electron microscopy on hNuf2 + HSET RNAi cells ( Fig. 2e, f ). Cells were first followed by time-lapse light microscopy to monitor chromosome alignment, and then fixed and embedded for electron microscopy analyses ( Supplementary Information, Fig. S3 ). Consistent with published data on Nuf2-depleted cells 11 , electron microscopy revealed no typical tri-laminar kinetochores in any of the sections analysed (> 100) in hNuf2 + HSET RNAi cells. We occasionally observed microtubule bundles that were traversing the central part of the spindle and were laterally associated with chromosomes ( Fig. 2e, f ). However, we never found evidence of microtubule bundles terminating at the chromosomes. During classic congression, chromosomes exhibit extended linear motion from the vicinity of the spindle pole toward the equator 7, 17 . To examine whether this characteristic movement is preserved in hNuf2 + HSET RNAi cells, we used time-lapse imaging in HeLa cells triple-labelled for kinetochores (GFP-CENP-A), centrosomes (γ-tubulin-GFP) and chromosomes (mCherry-H2B). Cells were imaged at 30 s intervals on a spinning-disk confocal microscope, from prophase to telophase ( Fig. 3 ). Of the 21 hNuf2 + HSET RNAi cells imaged, 11 cells aligned their chromosomes, consistent with the frequency of chromosome alignment in our in fixedcell analyses (Fig. 1b ). Although sustained velocities of individual chromosome movements were similar between control and hNuf2 + HSET RNAi cells (1.5 ± 0.5 μm min -1 , n = 6 and 1.6 ± 0.3 μm min -1 , n = 6, respectively; Supplementary Information, Fig. S4 ), overall formation of the metaphase plate took significantly longer in cells co-depleted of hNuf2 and HSET. Furthermore, only 2 of the hNuf2 + HSET RNAi cells exited mitosis during our imaging period of ~2 h. In contrast, all control cells (n = 9) progressed through mitosis with normal timing, similarly to previous reports 16, 18 (Supplementary Information, Movie 2). Thus, our imaging conditions did not impede normal mitotic progression. These results show that although chromosomes maintain the ability to congress when K-fibres are severely disrupted, the efficiency of this process is reduced.
Analysis of individual chromosome movements revealed characteristic differences between chromosome congression in control versus hNuf2 + HSET RNAi cells. In control cells, one of the sister kinetochores continuously led the way during congression, and the orientation of the sister kinetochores with respect to the spindle axis remained constant. (Fig. 3a, b ; Supplementary Information, Movie 2). In contrast, sister kinetochores tumbled frequently during congression in hNuf2 + HSET RNAi cells. It was not unusual for sister kinetochores to transiently orientate perpendicular to the spindle axis ( Fig. 3c, d ; Supplementary Information, Movie 2). This behaviour suggests that in the absence of end-on attachments, congressing kinetochores do not maintain stable association with microtubules. Instead, congression in hNuf2 + HSET RNAi cells is driven by both sister kinetochores, which intermittently switch between leading and trailing positions. Overall, these findings strongly support a model in which chromosome congression occurs by gliding of unattached kinetochores alongside microtubule bundles 7 . Because this type of congression has been reported to require the activity of the plus-end kinesin CENP-E 7 , we sought to investigate whether this protein is required for chromosome alignment in hNuf2 + HSET RNAi cells. Immunofluorescence analysis of CENP-E showed that neither hNuf2 RNAi nor hNuf2 + HSET RNAi affected CENP-E localization to kinetochores ( Supplementary Information, Fig. S5a, b ). Depletion of CENP-E in hNuf2 + HSET RNAi cells caused a decrease in the percentage of cells with aligned chromosomes down to the levels found in hNuf2 RNAi cells (Fig. 4b ). This result strongly suggests that congression in hNuf2 + HSET RNAi cells is driven by the activity of CENP-E.
Our findings that chromosome congression occurs in the absence of end-on kinetochore attachments to K-fibres led us to speculate that the forces that drive chromosome congression may be distinct from those that maintain chromosomes at the metaphase plate. To test this idea, we compared post-congression behaviour of chromosomes in control and hNuf2 + HSET RNAi cells. Unlike in control cells, chromosomes in hNuf2 + HSET RNAi cells were not stably maintained at the metaphase pathways by which chromosomes congress to the metaphase plate (k-fibres, green). The thick straight lines indicate the K-fibres of the bi-oriented chromosomes. The dashed lines indicate the K-fibres that will eventually form after the chromosome congresses to the metaphase plate. Chromosome 1 (purple) shows rapid lateral movement towards the spindle pole and then becomes bi-oriented and congresses through activities at its kinetochore (2) or its chromosome arms (3). Alternatively, chromosome 1 (light yellow) can congress through the mono-oriented pathway (4) . Our data suggest that chromosomes (blue) do not need to be specifically oriented, but are able to congress on any stabilized microtubule bundle (5) . Scale bars, 10 μm in a and b.
plate, but showed rapid, periodic movements towards one of the spindle poles, followed by a slower return to the spindle equator ( Fig. 5a b; Supplementary Information, Movies 3-4 ). The speed of the poleward excursions (~10 µm min -1 ) was similar to that of the rapid poleward movement observed in chromosomes during the capture of astral microtubules 19 . It is noteworthy that fast dynein-dependent chromosome movements have been reported previously in cells with a disrupted Ndc80 complex 20 . To address whether the post-congression poleward excursions were also dynein-dependent, we knocked down ZW10 in hNuf2 + HSET RNAi cells and then followed the behaviour of chromosomes near the metaphase plate. Whereas 77% of the hNuf2 + HSET RNAi cells showed rapid poleward excursions (23/30 cells), only 36% of the the hNuf2 + HSET + zw10 triple-knockdown cells (13/36 cells) showed this type of movement. This difference suggests that dynein drives the movement of chromosomes off the metaphase plate. From the standpoint of the classic 'search and capture' hypothesis 21 , the attachment of sister kinetochores to the spindle occurs independently from one another. This results in chromosome mono-orientation -the movement of a chromosome towards one spindle pole (Fig. 5c ). There, the chromosome remains until its sister kinetochore captures microtubules that emanate from the distal spindle pole. Only then will the chromosome congress and become stably positioned near the spindle equator. A conceptual difficulty with this mechanism is that the probability of capturing microtubules that emanate from the centrosome decreases dramatically as the distance between the centrosome and the kinetochore increases 22 . Our data provide an explanation for how cells can overcome this difficulty by revealing that chromosomes have the ability to congress to the spindle equator in the absence of end-on microtubule attachments. We favour the idea that congression is not a consequence of chromosome bi-orientation, but rather is a means to maximize the efficiency of kinetochore attachment by bringing the chromosome to the area with the highest concentration of microtubule plus-ends. Although congression of unattached kinetochores alongside the K-fibre of another chromosome has been observed previously 4 , our data reveal for the first time that this mechanism is sufficient to achieve congression of all chromosomes in human cells in a reasonable time frame. Furthermore, we demonstrate that congression through CENP-E-mediated kinetochore gliding can occur along any microtubule bundle and does not require the trailing kinetochore to be attached (Fig. 5c ).
Under normal conditions, only a limited number of chromosomes seem to show mono-orientation and congression through microtubule gliding 6, 7, 23 . This is probably because there are multiple pathways that achieve chromosome congression. In the presence of K-fibres, monooriented chromosomes have a large number of adjacent K-fibres available to glide on. However, the 'search and capture' hypothesis predicts that almost all chromosomes must transiently become bi-oriented and live-cell microscopy reveals that most chromosomes rapidly achieve stable bi-orientation during normal mitosis. Our data suggest that the fast bi-orientation can be achieved because unattached chromosomes are positioned near the spindle equator through CENP-E-mediated forces. Accordingly, the number of mono-oriented chromosomes increases in cells on inhibition of CENP-E 7, [23] [24] [25] .
An intriguing question is why CENP-E-mediated forces fail to support chromosome congression in cells with disrupted Ndc80/Hec-1 complex and normal HSET activity. One possibility is that HSET provides a pole-directed force that inhibits CENP-E activity. This pole-directed force would need to be indirect because we found no evidence of HSET association with chromosome arms or kinetochores. Another possibility is that chromosome congression requires stabilized microtubule bundles, thus mechanisms governing microtubule stability are critical to the congression process. In this light, we found that HSET has an important role in spindle assembly through its microtubule cross-linking activity 3, 4 . We propose that inactivation of HSET results in an increase in the number of stabilized microtubule bundles in the central spindle. These bundles could provide the tracks for congressing chromosomes that glide in a CENP-E-mediated manner, indicating that CENP-E may have a more active role in chromosome congression than previously thought.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/. 
Cloning and antibody preparation. The HSET cDNA (genebank ID: 68299768) was a gift from D. Compton (Dartmouth Medical School, NH, USA). The cDNA encoding the non-motor domain of HSET (N-terminal, 304 amino acids) was subcloned into pGEX1 and p6HGFP-B with restriction enzymes BamHI and EcoRI to generate GSTand 6-His-GFP-tagged fusion proteins, respectively. The cDNA for H2B was cloned from PtK2 cell RNA by RT-PCR (PCR with reverse transcription). pmCherry-C1 was created by replacing the EGFP sequence from pEGFP-C1 with mCherry. PtK-H2B cDNA was subsequently cloned into pmCherry-C1 to generate pmCherry-H2B. All resulting clones were verified by sequencing.
GST-HSET(amino-acids 2-304) was expressed in E. coli BL21(DE3) cells, and affinity purified with gluthione sepharose 4B (Amersham Biosciences) as described previously 26 , followed by gel filtration on a Superose 12 column (GE Healthcare). His-GFP-HSET(2-304) was expressed, purified and cross-linked to Affi-Gel 10 (Bio-Rad) as described previously for antibody affinity purification 27 . Antibodies to the non-motor domain of HSET were generated by immunising a rabbit (Covance Research Products) with GST-HSET(2-304) protein that was first treated with 0.5% gluteraldehyde for 45 min and then quenched with a trace of sodium borohydride for 5 min at room temperature. HSET-specific antibodies were then affinity purified using a His-GFP-HSET(2-304) affinity column as described previously 27 .
Cell culture and generation of stable cell lines. HeLa cells were cultured in
Opti-MEM (Invitrogen), supplemented with 10% fetal bovine serum (Gibco) and penicillin/streptomycin (Gibco) at 37 °C and with 5% CO 2 . To make the stable cell lines, pEGFP-HSET, pEGFP-CENP-A (a gift from B. Sullivan, Univeristy of Wisconsin-Madison, USA), γ-tubulin-pEGFP and/or pmCherry-H2B were individually or sequentially introduced into HeLa cells using calcium phosphate transfection 28 in the presence of Geneticin (2 mg ml -1 ; Gibco). Transfected cells were re-plated at a density of 1,000 cells per plate, on 10 cm plates, and grown for 7-10 days with daily changes in media until each colony had ~200 cells. A single colony was isolated by using a pipette tip and examining the colony under a inverted fluorescence microscope, transferred to a new dish and maintained in Opti-MEM containing Geneticin (1 mg ml -1 ).
Immunofluorescence and western blotting analysis. HeLa cells were fixed in -20 °C methanol for 5 min at room temperature and rehydrated in Tris (20 mM at pH 7.5) and NaCl (TBS; 150 mM) with Triton X-100 (TBS-Tx; 0.1%) for 2 min. Cells were blocked in Abdil (TBS, 1% bovine serum albumin, 0.1% Triton X-100 and 0.1% sodium azide) for 1 h at room temperature or overnight at 4 °C . Cells were stained with antibodies against HSET (2.5 μg μl -1 ), Hec1 (1 μg μl -1 ; Novus Biologicals), CENP-E (1:500 dilution; a gift from T. Yen, Fox Chase Cancer Center, PA, USA), ACA (1:100 dilution; Antibodies Incorporated) or α-tubulin DM1α (1:1,000 dilution; Sigma-Aldrich) and diluted in Abdil for 1 h at room temperature. Cells were subsequently stained with a 1:50 dilution of donkey anti-rabbit Alexa Fluor 488, donkey anti-mouse TexasRed (Jackson ImmunoResearch), or donkey anti-human Cy5 (Jackson ImmunoResearch). To visualize DNA, fixed cells were stained with Hoechst (2 μg ml -1 ; Sigma-Aldrich) in TBS-TX. For HURP staining, cells were fixed with 4% formaldehyde in PHEM (25 mM HEPES, 10 mM EGTA, 60 mM PIPES and 2 mM MgCl2 at pH 6.9) and then stained with anti-HURP antibodies (1:200 dilution; a gift from G. Fang, Genentech, CA, USA). For p150 staining, cells were first permeabilized with 0.3% Triton X-100 in PHEM buffer at room temperature for 3 min, followed by fixation with 4% formaldehyde in the same buffer and then stained with a P150 antibody (1:200 dilution; BD Biosciences). For K-fibre visualization, HeLa cells were treated for 2 min at room temperature with CaCl 2 (0.2 mM) in PIPES (100 mM at pH 6.8), MgCl 2 (1 mM) and 0.1% Triton X-100, followed by fixation in the same buffer supplemented with 3.7% formaldehyde, for 20 min at room temperature. For western blotting analysis, HeLa cells were collected and lysed in sample buffer (125 mM Tris-HCl at pH 6.8, 4% SDS, 20% glycerol and 4% mercaptoethanol) at 3,000 cells per µl. From each sample 15,000 cells were loaded on a 7.5% SDS-PAGE gel, and transferred to Protran nitrocellulose (Schleicher and Schuell). Blots were then probed with DM1α (1:10,000 dilution), anti-HSET (2.5 μg μl -1 ) or Hec1 (1 μg μl -1 ) and detected with SuperSignal West Pico enhanced chemiluminescence.
RNAi. HeLa cells, at 4×10 4 cells per well, were plated into each well of a 6-well culture dish, arrested with thymidine (2 mM) for 20 h and then released into fresh media. At 2 h after release from the thymidine block, the following oligonucleotides were transfected into HeLa cells using oligofectamine (Invitrogen): luciferase RNAi negative control #2 (200 nM; Dharmacon), HSET RNAi for the coding region (200 nM; 5'-UCA GAA GCA GCC CUG UCA A-3'), HSET 3'UTR-1 RNAi (300 nM; 5'-GUG UCC CUA UGU CUA UGU A-3'), HSET 3'UTR-2 RNAi (200 nM; 5'-CAU GUC CCA GGG CUA UCA AAU-3'), hNuf2 RNAi 3 (200 nM; 5'-AAG CAT GCC GTG AAA CGT ATA-3') or zw10 RNAi 29 (200 nM; 5'-UGA UCA AUG UGC UGU UCA A-3'). When comparing knockdown of multiple proteins, an equivalent amount of luciferase negative control oligonucleotide was co-transfected with the specific oligonucleotide, such that the total amount of oligonucleotide transfected was identical for each well. At 24 h after transfection, cells were blocked with thymidine (2 mM) for 19 h to synchronize the cells and then released for ~11-12 h to allow cells to progress to late G2 phase. The cells were then processed for immunofluorescence or for western blotting analysis. For time-lapse imaging of living cells, we used the same protocol except that cells were plated onto 22×22-mm coverslips in 60-mm dishes. For the CENP-E knockdown assays, CENP-E RNAi oligonucleotide 7 (200 nM; 5'-AAG GCU ACA AUG GUA CUA UAU-3') was transfected into HeLa cells 24 h after HSET and hNuf2 RNAi transfection. After an additional 24 h cells were processed for immunofluorescence .
Electron microscopy. GFP-CENP-A + GFP-γ-tubulin + mCherry-H2B
HeLa cells were grown on electron-microscopy-grade gridded coverslips and then transfected with hNuf2 + HSET siRNAs as described above. At 48 h posttransfection, cells were imaged on a Nikon spinning-disk confocal microscope to monitor kinetochore movement. Mitotic cells showing a clear phenotype (aligned chromosomes but shortened inter-kinetochore distances, kinetochore orientation changes and rapid movement towards spindle poles) were fixed with 2.5% glutaraldehyde in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 at pH 7.2) for 30 min and post-fixed in OsO 4 (1%) according to standard protocols 30 . Cells of interest were re-located on the gridded coverslips and then serially sectioned (100-nm thickness). Images were collected on a Zeiss 910 microscope operated at 100 KV.
Imaging and data analysis. Fixed cells were imaged using a Nikon Eclipse 90i equipped with a ×100 apochromatic PLAN objective (NA 1.4) and a CoolSnap HQ CCD camera (Photometrics). The camera and filters were controlled by Metamorph (Molecular Devices). Image stacks were collected at 0.5-μm steps through the whole cell volume and then deconvolved using Autodeblur (Autoquant Imaging) for 10-20 iterations. For time-lapse imaging of living cells, RNAi-treated HeLa cells were blocked at G1/S phase with thymidine as described above, and then released into fresh Opti-MEM (Invitrogen). At 11-12 h after release, coverslips were placed into a Rose chamber with imaging medium (Opti-MEM, 20 mM Hepes at pH 7.7 and 30 U ml -1 Oxyrase) and covered with mineral oil. Cells were imaged at 37 °C on a Yokagawa spinning-disk CSU-10 mounted on a Nikon TE2000 microscope equipped with a 100X objective (apochromatic PLAN, NA1.4). Images were captured on a Roper Cascade II EM-CCD camera set at 3700 gain with 100-ms exposures for each channel at three z-axis sections of 0.5 μm. For experiments analysing mitotic progression, we used 30-s time intervals for approximately 2 h total imaging time. For experiments to measure kinetochore motility, we captured images from three focal planes at 3-5-s intervals for a total of 5 min.
To determine the percentage of cells with aligned or unaligned chromosomes, fixed cells were counted at 54 h post-transfection. The average percentage of cells with aligned or unaligned chromosomes was determined from three independent experiments with the HSET cDNA oligonucleotide in which 100 mitotic cells were counted per experiment. A cell was scored as having unaligned chromosomes when most chromosomes were scattered throughout the spindle region. A cell was scored as having aligned chromosomes if most chromosomes were tightly aligned at the metaphase plate. In addition, three independent experiments were performed for each of the two 3'UTR oligonucleotides. For each experiment, the average percentage of cells is graphed as the mean ± sd from three experiments.
The oscillatory behaviour of kinetochores and the inter-kinetochore distances were determined from transfection of the GFP-CENP-A + GFP-γ-tubulin HeLa DOI: 10.1038/ncb1890 cell line with luciferase control oligonucleotide or the hNuf2 and HSET oligonucleotides. For each movie, a randomly selected frame was analysed for the interkinetochore distance. A total of 27 kinetochores from four control cells and 54 kinetochores from eight hNuf2 + HSET RNAi cells were measured. The average distance ± the s.d. is reported. To analyse the oscillation patterns, we tracked a single kinetochore pair over a defined period of time and plotted the inter-kinetochore distance versus time. The erratic kinetochore motility was manually tracked by identifying the centre of GFP-CENP-A dots using Image J as described previously 11 . The positional data of the kinetochore at each time point were plotted with Excel. The kymographs that represent chromosome motility during congression were assembled frame by frame from the movies of mitotic progression (30-s time interval) by drawing a rectangular box along their movement trajectory toward the metaphase plate.
The analysis of HURP staining was carried out with Metamorph 'line scan' function using a 30-pixel-width box along the spindle pole-pole axis. The gray scale data were plotted using Excel. The fluorescence intensity of Hec1 on the kinetochore was quantified from 300 kinetochores of 30 cells from three independent experiments, as reported previously 11 .
Two-tailed Student's t-tests were performed where indicated in the text using Excel. Significance was considered when P < 0.05. 
